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A possible source of black hole entropy could be the entanglement of quantum fields in and out the 
horizon. The entanglement entropy of the ground state obeys the area law. However, a correction 
term proportional to a fractional power of area results when the field is in a superposition of ground 
and excited states. Inspired by the power-law corrections to entropy and adopting the viewpoint 
that gravity emerges as an entropic force, we derive modified Newton's law of gravitation as well as 
the corrections to Friedmann equations. In a different approach, we obtained power-law corrected 
Friedmann equation by starting from the first law of thermodynamics at apparent horizon of a FRW 
universe, and assuming that the associated entropy with apparent horizon has a power-law corrected 
relation. Our study shows a consistency between the obtained results of these two approaches. We 
also examine the time evolution of the total entropy including the power-law corrected entropy 
associated with the apparent horizon together with the matter field entropy inside the apparent 
horizon and show that the generalized second law of thermodynamics is fulfilled in a region enclosed 
by the apparent horizon. 



I. INTRODUCTION 

Recently, Verlinde [l| demonstrated that gravity can 
be interpreted as an entropic force caused by the changes 
in the information associated with the positions of ma- 
terial bodies. In his new proposal, Verlinde obtained 
successfully the Newton's law of gravitation, the Pois- 
son's equation and Einstein field equations by employing 
the holographic principle together with the equipartition 
law of energy. As soon as Verlinde presented his idea, 
many relevant works about entropic force appeared. For 
example, Friedmann equations from entropic force have 
been derived in Refs. 0, H[. The Newtonian gravity 
|H, the holographic dark energy § and thermodynam- 
ics of black holes |6| have been investigated by using the 
entropic force approach. It has been shown that uncer- 
tainty principle may arise in the entropic force paradigm 
Q. Other studies on the entropic force, which raised a 
lot of attention recently, have been carried out in [8| . 

On the other hand, string theory, as well as the string 
inspired braneworld scenarios such as RSII model, sug- 
gest a modification of Newton's law of gravitation at 
small distance scales In addition, there have been 

considerable works on quantum corrections to some ba- 
sic physical laws. The loop quantum corrections to the 
Newton and Coulomb potential have been investigated in 
some references (see ll| and references therein). Also, 
corrections to Friedmann e quat ions from loop quantum 
gravity has been studied in |12j . 

Inspired by Verlinde's argument and considering the 
quantum corrections to the area law of the black hole en- 
tropy, one is able to derive some physical equations with 
correction terms. For example, modified Newton's law 
of gravitation has been studied in |l3| . while, modified 
Friedmann equations have been constructed in (l4l . [l5j . 
In all these cases [13l - ll5| the corrected entropy has the 
logarithmic term which arises from the inclusion of quan- 
tum effects, motivated from the loop quantum gravity 



and is due to the thermal equilibrium fluctuations and 
quantum fluctuations [l7| . In addition, entropic correc- 
tions to Coulomb's law have also been investigated in 
|l6j . Very recently, by considering the quantum correc- 
tions to the area law of black hole entropy, the modified 
forms of Poisson's equation of gravity, MOND theory of 
gravitation and Einstein field equations were derived us- 
ing the entropic force interpretation of gravity [l8| . 

In this paper we would like to consider the effects of 
the power-law correction terms to the entropy on the 
Newton's law and Friedmann equation. The power-law 
corrections to entropy appear in dealing with the entan- 
glement of quantum fields in and out the horizon [l9| . 
Indeed, it has been shown that the origin of black hole 
entropy may lie in the entanglement of quantum fields 
between inside and outside of the horizon |l9j . Since 
the modes of gravitational fluctuations in a black hole 
background behave as scalar fields, one is able to com- 
pute the entanglement entropy of such a field, by tracing 
over its degrees of freedom inside a sphere. In this way 
the authors of 19] showed that the black hole entropy is 
proportional to the area of the sphere when the field is 
in its ground state, but a correction term proportional 
to a fractional power of area results when the field is in 
a superposition of ground and excited states. For large 
horizon areas, these corrections are relatively small and 
the area law is recovered. Applying this power-law cor- 
rected entropy, we obtain the corrections to Newton's law 
as well as modified Friedmann equation by adopting the 
viewpoint that gravity emerges as an entropic force. 

The outline of our paper is as follows. In the next 
section, we use Verlinde approach to derive Newton's 
law of gravitation with a correction term resulting from 
the entanglement of quantum fields in and out the hori- 
zon. In section IIII1 we derive the power-law entropy- 
corrected Friedmann equation of FRW universe by con- 
sidering gravity as an entropic force. Then, in section 
IV! we obtain modified Friedmann equation by applying 
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the first law of thermodynamics at apparent horizon of a 
FRW universe. In section [V] we examine to see whether 
the power-law entropy-area relation together with the 
matter field entropy inside the apparent horizon will sat- 
isfy the generalized second law of thermodynamics. The 
last section is devoted to conclusions and discussions. 



II. ENTROPIC CORRECTION TO NEWTON'S 
LAW 

According to Verlinde's argument, when a test particle 
moves apart from the holographic screen, the magnitude 
of the entropic force on this body has the form 



FAx = TAS, 



(1) 



where Ax is the displacement of the particle from the 
holographic screen, while T and AS are the temperature 
and the entropy change on the screen, respectively. 

In Verlinde's discussion, the black hole entropy S plays 
a significant role. Indeed, the derivation of Newton's 
law of gravity depends on the entropy-area relation- 
ship S = ksA/Mp of black holes in Einsteins gravity, 
where A = Att R 2 represents the area of the horizon and 
i p = y/ Gh/c 3 is the Planck length. However, the area 
law of black hole entropy can be modified . The cor- 
rected entropy takes the form [20j 



S = 



k B A 



1 - K a A l - a l 2 



(2) 



where a is a dimcnsionless constant whose value is cur- 
rently under debate, k B stands for the Boltzmann con- 
stant and 



a(47r) 



a/2-1 



(4 - a)r, 



2-a ' 



(3) 



where r c is the crossover scale. The second term in the 
above Eq. ^ may be regarded as a power law correction 
to the area law, resulting from entanglement, when the 
wave-function of the field is chosen to be a superposition 
of ground state and exited states. 

Considering the power-law correction to entropy, we 
show that Newton's law of gravitation as well as Fried- 
man equations will be modified accordingly. First of all, 
we rewrite Eq. ([2]) in the following form 



S = kt 



A 

4£f 



■8(A) 



(4) 



where s(A) stands for the correction term in the entropy 
expression. Suppose we have two masses one a test mass 
and the other considered as the source with respective 
masses m and M. Centered around the source mass M, 
is a spherically symmetric surface S which will be defined 
with certain properties that will be made explicit later. 
To derive the entropic law, the surface S is between the 



test mass and the source mass, but the test mass is as- 
sumed to be very close to the surface as compared to its 
reduced Compton wavelength A m = When a test 
mass m is a distance Ax = r]X m away from the surface 
S, the entropy of the surface changes by one fundamental 
unit AS fixed by the discrete spectrum of the area of the 
surface via the relation 



. „ dS . 
= ~dA 



1 

4lf 



ds(A) 
dA 



AA. 



(5) 



The energy of the surface S is identified with the rela- 
tivistic rest mass of the source mass: 



E = Mc 2 . 



(6) 



On the surface S, there live a set of "bytes" of informa- 
tion that scale proportional to the area of the surface so 
that 



A = QN, 



(7) 



where N represents the number of bytes and Q is a fun- 
damental constant which should be specified later. As- 
suming the temperature on the surface is T, and then 
according to the equipartition law of energy 21| , the to- 
tal energy on the surface is 



E = -Nk B T. 
2 



(8) 



Finally, we assume that the force on the particle follows 
from the generic form of the entropic force governed by 
the thermodynamic equation 



F = T 



AS 

Ax' 



(9) 



where AS is one fundamental unit of entropy when 
| Ax | = 7/A m , and the entropy gradient points radially 
from the outside of the surface to inside. Note that N 
is the number of bytes and thus we set AiV = 1; hence 
from {7} we have AA = Q. Combining Eqs. ©- ©, we 
find 



F 



Mm ( Q 2 c 3 \ 



l + Ai 



2 ds(A) 



(10) 



A=4ttR 2 



" dA 

This is nothing but the Newton's law of gravitation to 
the fir 
reach 



the first order provided we define Q 2 = 8Tri]£p. Thus we 



F = — 



GMr 



R 2 



1 



M 2 — 
P 8A 



(4ttR 2 ) 



Using Eq. ([2]) we obtain 

ds_ \ _ K a (4 - a) 

9AJ A=i7rR2 8^ 

Substituting Eq. jUJ in Eq. jTTJ we obtain 

GMm 



2\l~"/2 



F = —- 



R 2 



l-^(A- a )^R 2 f- a/2 



(11) 



(12) 



(13) 
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Using Eq. (J3]) the above relation can be rewritten as 



F 



GMr. 
~FP 



1 - 



2 \rJ 



a-2 



(14) 



This is the power-law correction to the Newton's law of 
gravitation. When a = 0, one recovers the usual New- 
ton's law. Since gravity is an attractive force we should 
have F < 0. This requires 



2 \R 



a-2 



>o, 



which can also be rewritten as 



,R 

a< 2 | — 



(15) 



(16) 



As we will see in section[V] this condition is also necessary 
for satisfaction of the generalized second law of thermo- 
dynamics for the universe with the power-law corrected 
entropy. 



III. ENTROPIC CORRECTIONS TO 
FRIEDMANN EQUATIONS 

Next, we extend our discussion to the cosmological 
setup. Assuming the background spacetime to be spa- 
tially homogeneous and isotropic which is described by 
the line element 



ds 2 = h^dx^dx" + R 2 (d0 2 + sin 2 



(17) 



where R — a(t)r, x° — t, x 1 = r, the two dimensional 
metric h^ u =d\a,g (— l,a 2 /(l — kr 2 )). Here k denotes the 
curvature of space with k = 0,1,-1 corresponding to 
open, flat, and closed universes, respectively. The dy- 
namical apparent horizon, a marginally trapped surface 
with vanishing expansion, is determined by the relation 
W d^RdvR = 0. A simple calculation gives the appar- 
ent horizon radius for the Friedmann-Robertson- Walker 
(FRW) universe 



R 



1 



ar 



y/H 2 + k/a 2 



(18) 



where H — d/a is the Hubble parameter. We also assume 
the matter source in the FRW universe is a perfect fluid 
of mass density p and pressure p with stress-energy tensor 



T,t V = {p + y)u^u v +pg^ v . 



Due to the pressure, the total mass M = pV in the region 
enclosed by the boundary S is no longer conserved, the 
change in the total mass is equal to the work made by 
the pressure dM = —pdV , which leads to the well-known 
continuity equation 



p + 3H(p + P ) =0, 



(20) 



It is instructive to first derive the dynamical equation 
for Newtonian cosmology. Consider a compact spatial 
region V with a compact boundary S, which is a sphere 
with physical radius R — a{t)r. Note that here r is a 
dimensionless quantity which remains constant for any 
cosmological object partaking in free cosmic expansion. 
Combining the second law of Newton for the test particle 
m near the surface with gravitational force (|14[) we get 



F = mR 



GMm 



1 



m 



(21) 



We also assume p — M /V is the energy density of the 
matter inside the the volume V = ^na 3 r 3 . Thus, Eq. 
(f2"Tj) can be rewritten as 



a 
a 



4ttG 



a /rc y 
2 \RJ 



(22) 



This is nothing but the power-law entropy-corrected dy- 
namical equation for Newtonian cosmology. The main 
difference between this equation and the standard dy- 
namical equation for Newtonian cosmology is that the 
correction terms now depends explicitly on the radius R. 
However, we can remove this confusion. Assuming that 
for Newtonian cosmology the spacetime is Minkowskian 
with k = 0, then we get R = 1/H, and we can rewrite 
Eq. (|22]| in the form 



a 
a 



AttG 



a 

1 r c 

2 



(23) 



It was argued in [22| that for deriving the Friedmann 
equations of FRW universe in general relativity, the quan- 
tity that produces the acceleration is the active gravita- 
tional mass M [23j , rather than the total mass M in the 
spatial region V. With the entropic correction term, the 
active gravitational mass M. will also modified as well. 
On one side, from Eq. (|2"2")l with replacing M with Ai we 
have 



M 



G 



(24) 



On the other side, the active gravitational mass is defined 
as [H 



1. 



M = 2 I dV \T^ V - -Tg^ ) u»v? 



(19) 

A simple calculation leads 



47T 



Equating Eqs. 



M = (p + 3p)^-a 3 r 3 . 



and ([2^]) . we find 



a 
a 



AttG 



(P + 3p) 



1 - 



2 \RJ 



a-2' 



(25) 



(26) 



(27) 
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Multiplying da on both sides of Eq. (|2T[) , and using the 
continuity equation (|20[) we reach 



8wG d 



(pa 2 ) 



3 dt 

Integrating of Eq. (|2"5|) , we find 



I - - - 
2 Vi? 



1 - 



2pa 2 



d(pa 2 ) 



,a-2 



(28) 



(29) 



where A: is a constant of integration. Now, in order to cal- 
culate the integral we need to find p = p(a). Assuming 
the equation of state parameter w = p/p is a constant, 
the continuity equation (|20[) can be integrated immedi- 
ately to give 



p a 



-3(1+id) 



(30) 



where po is the present value of the energy density. In- 
serting relation (f30| in Eq. (|29[) . after integration, we 
obtain 



a 2 



8ttG 



where we have defined 



a (3w + 1) 
2(3to + a-l)' 

Using Eq. (JTSJ, we can rewrite Eq. (|3"Tj) as 

k 8ttG 



1-Pr, 



a-2 



-P 



H 2 



(31) 



(32) 



(33) 



k 



x/2-1 



In the absence of the correction terms (a = = /3), one 
recovers the well-known Friedmann equation in standard 
cosmology. Let us note that the left hand side of Eq. 
([33)1 is always positive thus the right hand side is also 
positive. This is due to the fact that the right hand side 
of the usual Friedmann equation is always positive (p > 
and G > 0) so H 2 + k/a 2 should be positive in our case 
to have a correct f3 = = a limit. This leads to the 
following condition 



a-2 



H 



k 



x/2-1 



< 1. 



(34) 



Eq. (|3"3")l can also be written as 



H -\ — r 
a 2 



1-/3? 



a-2 I tt2 



a z 



a/2-1' 



(35) 



8ttG 



-(>■ 



Taking into account condition (134[) we can expand the 
above equation up to the linear order of (3. The result is 

a/2 



■fir 



H 2 



8-kG 



p, (36) 



where we have neglected 0(/3 2 ) terms and higher powers 
of j3. This is due to the fact that at the present time 
R 3> 1 and hence H 2 + k/a 2 <C 1 (see the right hand 
side of standard Friedman equation where G ~ 10 -11 
and p <C 1). Indeed for the present time where the ap- 
parent horizon area (radius) becomes large, the power- 
law correction terms to entropy [l|| and hence to Fried- 
man equation are relatively small and the usual Friedman 
equation is recovered. Thus, the corrections make sense 
only at the early stage of the universe where a — » 0. 
When a — > 0, even the higher powers of j3 should be 
considered. These correction terms at the early stage of 
the universe may affect on the number of e-folding dur- 
ing the inflation. However this issue should be examined 
carefully elsewhere. With expansion of the universe, the 
power-law entropy-corrected Friedmann equation reduces 
to the usual Friedman equation. 



IV. MODIFIED FRIEDMANN EQUATIONS 
FROM THE FIRST LAW 



In this section, we adopt another approach to derive 
the entropy-corrected Friedmann equation. Indeed, we 
are able to derive modified Friedmann equation by ap- 
plying the first law of thermodynamics at apparent hori- 
zon of a FRW universe, with the assumption that the 
associated entropy with apparent horizon has the power- 
law corrected form ([2]). It was already shown that the 
differential form of the Friedmann equation in the FRW 
universe can be written in the form of the first law of 
thermodynamics on the apparent horizon [24| . We follow 
the method developed in [25|]. Throughout this section 
we set ft = c= fcs = l for simplicity. The associated 
temperature with the apparent horizon can be defined as 

M 



T = — = 
2tt 



1 



2ttR 



1 - 



R 



2HR 



(37) 



where k is the surface gravity. When R < 2HR, the 
temperature becomes negative T < 0. Physically it is not 
easy to accept the negative temperature. In this case the 
temperature on the apparent horizon should be defined 
as T = \k\/2tt. The work density is obtained as [13] 



W=\{p-p). 



(38) 



The work density term is regarded as the work done by 
the change of the apparent horizon. We also assume the 
first law of thermodynamics on the apparent horizon is 
satisfied and has the form 



dE = T h dS h + WdV, 



(39) 
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where Sh is the power-law corrected entropy associated 
with the apparent horizon which has the form @. Sup- 
pose E = pV is the total energy content of the universe 
inside a 3-sphere of radius R, where V = ^-R 3 is the 
volume enveloped by 3-dimensional sphere with the area 
of apparent horizon A — 4irR 2 . Taking differential form 
of the relation E = ^-pR 3 for the total matter and en- 
ergy inside the apparent horizon, and using the continuity 
equation (|20)) . we get 



dE = 4irpR 2 dR - 4ttHR 3 (p + p)dt. 



(40) 



Taking differential form of the corrected entropy ([2]) , we 
have 



dS h = 



2ttR 
~G~ 



1 - 



2 \RJ 



dR. 



(41) 



Inserting Eqs. ([3T]). ([3"8]l. (j40|) and (jHJ) in the first law 
(f39|) . we can get the differential form of the modified 
Friedmann equation 



1 dR 



1 



2 \R) 



H(p + p)dt. 



(42) 



4ttG R 3 

Using the continuity equation (|20l) . we can rewrite it as 



2 

R 3 



1 



2 \RJ 



a-2 



dR 



8ttG 



dp. 



Integrating (J33]) yields 
1 

fi2 ~ #a 



_a-2 



P+C, 



(43) 



(44) 



where C is an integration constant to be determined 
later. Substituting R from Eq. (|18[) we obtain entropy- 
corrected Friedmann equation 



H 2 



„a-2 



H 2 



a/2 



InG 



p + C. (45) 



The constant C can be determined by taking the a — > 
limit of the above expression. In this limit Eq. (|4"5")) 
reduces to the usual Friedmann equation provided C — 



Thus we reach 



H 2 



H 2 



a/2 



8ttG 



p. (46) 



This is the power-law entropy corrected Friedmann equa- 
tion derived using the first law on the apparent horizon. 
To show the consistency between the result of this sec- 
tion with Eq. (|36j) derived in the previous section, let us 
note that Eq. (|36p in the previous section was derived 
for the late time where the term 0(f3 2 ) can be neglected 
and thus we do not expect to be exactly the same as the 
result obtained in this section which is valid for all epoch 
of the universe. However, if one absorbs, in Eq. (j45|), the 
constant C in p, then one can rewrite Eq. (14"51 as 



H 2 H r a ~ 2 

a 1 



H' + — 

a 1 



a/2 



InG 



-P, 



(47) 



which is consistent with Eq. (|36l) derived using the en- 
tropic force approach in the previous section provided 
one takes /3 = — 1, which can be translated into 



3a 



w 



3a + 6 



(48) 



For a > 2, the above relation leads to w < —1/3. Two 
points should be considered here carefully. First, relation 
(l4"8l was derived for /3 — — 1, thus it does not have a = 
limit, since in this case (a = 0), from definition (|3"2")l 
we have ft = 0, which is in contradiction with condition 
P = — 1. Second, relation (|48|) appears when we want to 
show the consistency between modified Friedman equa- 
tion derived from two methods. In the absence of correc- 
tion terms (a = = /3) the obtained Friedman equations 
from two different methods, namely Eqs. (l36|) and (|46|) 
exactly coincide regardless of the value of w. This in- 
dicates that for usual Friedmann equation the condition 
(1481) is relaxed and hence w can have any arbitrary value 
in standard cosmology. 

It is also notable to mention that Eq. (|4"6")l is consistent 
with the result obtained in [2g|. However, our derivation 
is quite different from (28|. Let us stress the difference 
between our derivation in this section and [28j . First 
of all, the authors of [28[ have derived modified Fried- 
mann equations by applying the first law of thermody- 
namics, TdS = —dE, to the apparent horizon of a FRW 
universe with the assumption that the apparent horizon 
has corrected-entropy like ©. It is worthy to note that 
the notation dE in [28j is quite different from the same 
we used in this section. In (28|, —dE is actually just 
the heat flux crossing the apparent horizon within an in- 
finitesimal internal of time dt. But, here dE is change 
in the the matter energy inside the apparent horizon. 
Besides, in [28( the apparent horizon radius R has been 
assumed to be fixed. But, here, the apparent horizon ra- 
dius changes with time. This is the reason why we have 
included the term WdV in the first law (|3T))) . Indeed, the 
term AtkR 2 pdR in Eq. (j40|) contributes to the work term, 
while this term is absent in dE of [28J . This is consistent 
with the fact that in thermodynamics the work is done 
when the volume of the system is changed. 



V. GENERALIZED SECOND LAW OF 
THERMODYNAMICS 

Finally, we investigate the validity of the generalized 
second law of thermodynamics for the power-law entropy 
corrected Friedmann equations in a region enclosed by 
the apparent horizon. Our method here differs from that 
of Ref . [20| , in that they studied the generalized second 
law along with either Clausius relation or the equiparti- 
tion law of energy, while we apply the first law of thermo- 
dynamics (|39p. The difference between our method and 
Ref. [28[ was also explained in the last paragraph of the 
previous section. Substituting relation (|18[) in modified 
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Friedmann Eq. (|46[) we find 
~R? ~ ~W + 



,a-2 



8ttG 



(49) 



Differentiating Eq. (|49l) with respect to the cosmic time, 
after using the continuity Eq. (|20|) . we get 



R = AnGHR z (p + p) 



1- - - 

2 \R 



(50) 



Next, we calculate T^Sh- Using Eq. (|4ip we find 



Th.Sh 



2itR 



1 - 



R 
2HR 



2nR 
~G~ 



1 - 



2 \RJ 



a-2 



R 



After some simplification and using Eq. (I50|) we obtain 
T h S h = 4irHR 3 (p + p) ll E 



2HR 



(51) 
ain 

(52) 



In the accelerating universe the dominant energy condi- 
tion may violate, p + p < 0, indicating that the second 
law of thermodynamics ,Sh > 0, does not hold. However, 
as we will see below the generalized second law of ther- 
modynamics, Sh + S m > 0, is still fulfilled throughout 
the history of the universe. From the Gibbs equation we 
have [31( 

T m dSm = d{pV) + P dV = Vdp +{p + p)dV, (53) 

where T m and S m are, respectively, the temperature and 
the entropy of the matter fields inside the apparent hori- 
zon. We limit ourselves to the assumption that the ther- 
mal system bounded by the apparent horizon remains in 
equilibrium so that the temperature of the system must 
be uniform and the same as the temperature of its bound- 
ary. This requires that the temperature T m of the energy 
inside the apparent horizon should be in equilibrium with 
the temperature Th associated with the apparent horizon, 
so we have T m — Th [SH. This expression holds in the 
local equilibrium hypothesis. If the temperature of the 
fluid differs much from that of the horizon, there will be 
spontaneous heat flow between the horizon and the fluid 
and the local equilibrium hypothesis will no longer hold. 
Therefore from the Gibbs equation (|53|) we can obtain 



(54) 



T h S m = 4irR 2 R(p + p) - 4irR 3 H{p + p). 



To check the generalized second law of thermodynamics, 
we have to examine the evolution of the total entropy 
Sh + S m . Adding equations ([52"T) and (|54|) . we get 

T h (Sh + S m ) = 2nR 2 {p + p)R = ^(p + p)R. (55) 

where A = AirR 2 is the apparent horizon area. Substi- 
tuting R from Eq. (|5"0"|) into ([55)1 we find 



T h (S h + S m ) = 2irGAHR 3 {p + pf 



As we argued after Eq. (fl4|) the expression in the bracket 
of Eq. ([55)1 is always positive i.e., 



> 0. 



(57) 



(56) 



Thus the right hand side of Eq. (1561) cannot be nega- 
tive throughout the history of the universe, which means 
that Sh + S m > always holds. This implies that for 
a universe with power-law entropy corrected relation the 
generalized second law of thermodynamics is fulfilled in 
a region enclosed by the apparent horizon. Note that if 
we identify the crossover scale r c with the present value 
of the apparent horizon, i.e., r c = R, then the condition 
([57| reduces to a < 2, which is consistent with the result 
obtained in (Hill. 



VI. CONCLUSIONS AND DISCUSSIONS 

It was argued that a possible source of black hole en- 
tropy could be the entanglement of quantum fields in 
and out the horizon (l9j . The entanglement entropy of 
the ground state of field obeys the well-known area law. 
However, the power-law correction to the area law ap- 
pears when the wave- function of the quantum field is cho- 
sen to be a superposition of ground state and exited state 
fl9j . Indeed, the excited states contribute to the correc- 
tion, and more excitations produce more deviation from 
the area law [29|, [3(| ■ Therefore, the correction terms are 
more significant for higher excitations. 

Motivated by the power-law corrected entropy and 
adopting the viewpoint that gravity emerges as an en- 
tropic force, we derived modified Newton's law of gravi- 
tation as well as power-law correction to Friedmann equa- 
tions. We found that the correction term for Friedmann 
equation falls off rapidly with apparent horizon radius 
and can be comparable to the first term only when the 
scale factor a is very small. Thus the corrections make 
sense only at early stage of the universe. When the 
universe becomes large, the power-law entropy-corrected 
Friedmann equation reduces to the standard Friedman 
equation. This can be understood easily. At late time 
where a is large, i.e., at low energies, it is difficult to ex- 
cite the modes and hence, the ground state modes con- 
tribute to most of the entanglement entropy. However, 
at the early stage, i.e., at high energies, a large number 
of field modes can be excited and contribute significantly 
to the correction causing deviation from the area law and 
hence deviation from the standard Friedmann equation. 

We also derived modified Friedmann equation from dif- 
ferent approach. Starting from the first law of thermo- 
dynamics at apparent horizon of a FRW universe, and 
assuming that the associated entropy with apparent hori- 
zon has power-law corrected form ([2]), we obtained mod- 
ified Friedmann equation. We find out that the derived 
modified equations from these two different approaches 
(entropic force approach and first law approach) can be 
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consistent provided the equation of state parameter sat- 
isfies in condition (|4"8]l . However, in the absence of the 
correction terms (a = = j3) the obtained Friedman 
equations from two different methods, namely Eqs. (|36[) 
and (|46|) exactly coincide regradless of the value of w. 
This indicates that for usual Friedmann equation the con- 
dition (|48j) is relaxed and hence w can have any arbitrary 
value in standard cosmology. 

Finally, we investigated the validity of the generalized 
second law of thermodynamics for the FRW universe with 
any spatial curvature. We have shown that, when ther- 
mal system bounded by the apparent horizon remains 
in equilibrium with its boundary such that T m = T^, the 
generalized second law of thermodynamics is fulfilled in a 



region enclosed by the apparent horizon. The results ob- 
tained here for power-law corrected entropy area relation 
further supports the thermodynamical interpretation of 
gravity and provides more confidence on the profound 
connection between gravity and thermodynamics. 
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